We developed an electrochemical vascular endothelial growth factor (VEGF) detection system using two VEGFbinding aptamers. Sensitive detection systems of VEGF are highly required for cancer diagnosis. In this study, VEGF-A was detected using a sandwiching method with a pyrroquinoline quinone glucose dehydrogenase (PQQ-GDH)-labeled VEGF-binding aptamer and another aptamer immobilized onto a gold wire electrode. We evaluated various combinations of VEGF-binding aptamers to be employed in the process. In addition, we examined dose dependency for the electric current generated by PQQ-GDH, measured in the constructed VEGF detection system. Using this newly constructed system, we successfully detected VEGF 165 at 15 nM (M = mol dm −3 ) concentration.
Introduction
Aptamers are oligonucleotides that can specifically recognize target molecules, and they are generally selected by systematic evolution of ligands by exponential enrichment (SELEX) from randomized sequence libraries.
1,2 DNA aptamers have many advantages, such as easy synthesis, chemical modification, low production cost, and high stability. Many aptamers that can recognize various types of biomarkers have already been reported, some of which can bind to their targets with nanomolar order K d value. Therefore, aptamers can be used for molecular recognition instead of antibodies. We have constructed various aptameric biosensors, such as protein sensors 35 and DNA sensors. 6, 7 VEGF-A is one of the regulators of angiogenesis and also an important biomarker for cancer diagnosis. The abnormally fast growth of cancer promotes the overexpression of VEGF-A to increase the supply of nutrients and oxygen. It has been reported that patients with metastasis have higher levels of serum VEGF-A, and they can benefit from an anti-VEGF treatment. In this type of therapy, sensitive VEGF detection systems with their easy, rapid manipulations would be very useful. Some researchers have reported several VEGF-binding aptamers; 8, 9 we have described two such aptamers. 10, 11 These two aptamers were screened against different isoforms of VEGF-A. The first was screened against VEGF 165 , the most common isoform of VEGF-A, with two domains: a receptorbinding domain and a heparin-binding domain. This aptamer binds to the heparin-binding domain of VEGF-A. The other aptamer was screened against VEGF 121 , which has only a receptor-binding domain.
One pM of lower detection limit for VEGF-A is required for cancer diagnosis. Kown et al. previously reported a VEGF-detection system using aptamer-conjugated nanotube 12 with a 400 fM lower detection limit. Zhao et al. reported another detection system using conformational change of VEGF-binding aptamer with a 5 pM lower detection limit. 13 Although these detection systems are sensitive, design and fabrication of these aptamer-based sensors are difficult.
In general, sandwiching is the most popular and useful method to detect target molecules because it does not require labeling. However, there are few reports on sandwich-type biosensors using aptamers. 1418 To perform sandwich assay, two different aptamers against different target-molecule epitopes are required. One aptamer, immobilized onto the sensor surface, binds its target at one epitope while the other aptamer, directed to a different epitope, is labeled with a signaling probe. The target molecule can be detected by the sensor only when it is sandwiched by the two different aptamers, which should bind without competition.
In this study, we have presented an electrochemical VEGF detection system with sandwiching action using the two aptamers described above. We have successfully detected VEGF-A by sandwiching with a PQQ-GDH-labeled aptamer for recognition and another aptamer immobilized onto a gold wire electrode to capture the VEGF molecules.
Experimental
Materials: Recombinant human VEGF 165 expressed in Sf21 insect cells was purchased from R&D systems (Minneapolis, USA). Streptavidin, 1-methoxyphenazine methosulphate (m-PMS), and glutaraldehyde solution were purchased from Wako Chemicals (Osaka, Japan). Bovine serum albumin (BSA) was obtained from SIGMA-Aldrich (Tokyo, Japan). Glucose and dimethyl sulfoxide were purchased from Kanto Chemicals (Tokyo, Japan). All other chemical reagents used were of analytical grade. Aptamers: We have previously mentioned the two different types of aptamers used in this study. The first aptamer (VEap165), with the sequence 5B-ATACCAGTCTATTCAATTGGGCCCGTCCGTATG-GTGGGTGTGCTGGCCAG-3B, binds only to VEGF 165 . 10 The second one (VEap121), with the sequence 5B-TGTGGGGGTGGA-CGGGCCGGGTAGA-3B, binds to both VEGF 165 and VEGF 121 .
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These aptamers were synthesized by Greiner Bio-One (Tokyo, Japan). Assay of aptamer binding to VEGF: The binding to VEGF was evaluated with the aptamer blotting assay. 19 The aptamers were dissolved in TBSKCl (10 mM Tris-HCl, 100 mM NaCl, 5 mM KCl, pH 7.4), heated at 95°C for 3 min, and then gradually cooled to assemble the aptamers' tertiary structures. Next, fluorescein isothiocyanate (FITC)-labeled aptamer and non-labeled aptamer were mixed in TBSKCl. The final concentrations of the aptamers were 100 nM (FITC-labeled), and 0, 100, and 500 nM (non-labeled). VEGF 165 (10 pmol) was spotted onto a nitrocellulose membrane and air-dried, and then the VEGF-spotted membrane was incubated with blocking buffer (TBSKCl containing 1% (v/v) skim milk, 0.05% (v/v) Tween20) for 1 h to reduce the non-specific absorption of DNA. The blocked membrane was washed with TBST (TBSKCl containing 0.05% (v/v) Tween20) three times and then incubated with 500 µl of the aptamer mixture for 1 h at room temperature. To visualize the binding between FITC-labeled aptamer and VEGF immobilized onto the membrane, the membrane was incubated with 10000-fold diluted horseradish peroxidase (HRP)-conjugated anti-FITC antibody for 1 h at room temperature, and then the chemiluminescence generated by HRP was observed. PQQ-GDH labeled aptamer: Streptavidin-PQQ-GDH conjugate was prepared to label the aptamers with PQQ-GDH. Streptavidin and PQQ-GDH were crosslinked using glutaraldehyde treatment. Then 0.42 mg mL ¹1 of PQQ-GDH and 0.26 mg mL ¹1 of streptavidin were mixed in MOPS (10 mM MOPS, 100 mM NaCl, pH 7.0) containing 0.1% (v/v) glutaraldehyde and incubated at room temperature for 3 h. This solution was dialyzed with TBS (10 mM Tris-HCl, 100 mM NaCl, pH 7.4) for 3 h to stop the crosslinking reaction, and then dialyzed with MOPS overnight at 4°C.
CaCl 2 (1 mM) and PQQ (1 µM) were added into the dialyzed solution, and this mixture was incubated for 15 min at 4°C to convert an inactive apoenzyme into an active holoenzyme. Enzyme activity of the PQQ-GDH-avidin conjugate was measured as described previously, 20 and the protein concentration was determined by DC protein assay kit (Bio-Rad Laboratories, Tokyo, Japan).
Next, 700 pmol of PQQ-GDH-avidin conjugate and 350 pmol of biotin-labeled aptamer were mixed in TBSKCl (TBS containing 5 mM of KCl, total volume: 1 mL) and incubated for 1 h at room temperature. Aptamers that did not bind to the avidin-PQQ-GDH complex were removed by centrifugal filtration (5000 © g, 30 min) using Microcon YM-30 units (Millipore, Massachusetts, USA). Electrochemical detection: Figure 1 illustrates the scheme of the electrochemical VEGF detection system using the aptamer sandwich. The thiolated aptamer (aptamer1) was immobilized onto a gold electrode by immersing the electrode in TBSKCl containing 1 µM of aptamer1 for 12 h or longer at room temperature. Next, VEGF 165 and 1 U of PQQ-GDH-labeled aptamers (ap2GDH) were added to the aptamer1 immobilized electrode. This mixture was incubated in the TBSKCl for 1 h at room temperature. The PQQ-GDH-labeled aptamers and proteins that did not bind to aptamer1 were removed by washing. Then the response current generated by glucose addition was measured within the reaction buffer (10 mM MOPS, 6 mM m-PMS, 1 mM CaCl 2 , 1 µM PQQ) at 25°C while the electrode was at 100 mV (vs. Ag/AgCl) potential. In the presence of VEGF, an aptamer1-VEGF-ap2GDH complex was formed on the gold wire electrode, and the response current was measured.
Results and Discussions
In order to construct an aptamer sandwich, two aptamers that bind to different epitopes of VEGF-A were required. We had obtained two aptamers against VEGF-A, 10,11 but their simultaneous binding had not been examined. Therefore, we evaluated the binding abilities of these aptamers aptamer blotting assay to examine their ability to bind to VEGF-A without competing. A mixture of VEap165 and VEap121 aptamers was incubated with VEGF 165 immobilized on nitrocellulose membrane. These aptamers were FITC-labeled, and their binding was detected using HRP-conjugated anti-FITC antibody. Both the aptamers bound to VEGF 165 in the solution containing non-labeled aptamer at a concentration 10 times higher compared to a solution containing FITC-labeled aptamers. The results of aptamer blotting assay, as shown in Fig. 2 , indicate that VEap165 and VEap121 can bind to VEGF 165 without competition.
We constructed an aptamer sandwich on a gold electrode, as described in the Experimental section. To confirm the presence of aptamer sandwiches on the electrodes, we prepared the electrodes using thiolated VEap121 and PQQ-GDH-labeled VEap165. The quantity of PQQ-GDH on the gold electrode was determined by measuring the electric current in response to glucose addition in different concentrations. The generated electric current increased in a concentration dependent manner (Fig. 3) . There was a degree of non-specific binding between PQQ-GDH-labeled VEap165 and the VEap121 immobilized on the gold electrode, but the electrode incubated with 100 nM of VEGF reached a higher current value than in the absence of VEGF.
Next, blocking conditions for the electrode were evaluated in order to decrease the background electric current. We incubated 1% (w/v) BSA, 5% (w/v) skim milk, Blocking Reagent N101 (NOF Corporation, Tokyo, Japan), and Blocking Reagent N102 (NOF Corporation, Tokyo, Japan) with the electrodes after immobilization of aptamer. VEGF 165 and PQQ-GDH-labeled aptamers were incubated with the gold electrodes and electric current was detected; the results are shown in Fig. 4 . All the evaluated blocking reagents suppressed the background signal, whereas the binding signal was not affected. Therefore, we used 5% skim milk diluted in TBST for blocking in all the experiments because of the lowest cost. Figure 1 . Scheme of the electrochemical VEGF detection system using an aptamer sandwich. Thiol-modified aptamer was immobilized onto a gold wire electrode. VEGF and PQQ-GDH labeled aptamer were added, and the electric current generated by glucose addition was measured.
Electrochemistry, 80(5), 363366 (2012) VEGF-A is a homodimeric protein; each of its monomers includes one receptor-binding domain (RBD) and one heparinbinding domain (HBD). Therefore, VEGF-A has two epitopes for one aptamer. Because of this property, it is quite likely that an aptamer sandwich for VEGF detection could be created with only one type of aptamer. To evaluate this possibility, we examined four pairs of identical aptamers; in each pair, one was immobilized onto a gold electrode and the other was PQQ-GDH labeled. The results are shown in Fig. 5 ; the highest signal was obtained when VEGF-A was sandwiched with two VEap121 aptamers. Under different conditions, these aptamer combinations did not detect VEGF 165 at 100 nM concentration. These results can be explained by nonspecific binding of aptamers to the gold electrode and hybridization between immobilized and PQQ-GDH-labeled aptamers. The VEap121 and VEap165 sequences are shown in the Experimental section. VEap165 can form both self-dimer (¦G of ¹16.38 kcal mol ¹1 ) and hetero-dimer with VEap121 (¦G of ¹21.94 kcal mol ¹1 ). These stable dimers could give rise to a high background signal; the binding abilities of the aptamers might be insufficient to overcome this disadvantage. Therefore, only VEap121 was used for constructing aptamer sandwiches in this study. Unwanted interactions between aptamers will have to be considered if the aptamer sandwich technique is to be applied in the detection of other targets; such interactions should be carefully analyzed taking into account the aptamers' sequences.
The electrochemical process of VEGF detection using one VEap121 aptamer immobilized onto the gold wire electrode and a PQQ-GDH-labeled VEap121 aptamer was investigated. We observed a high electric current generated in VEGF samples. To evaluate specificity of this VEGF-detection system, control experiments were performed with 500 nM bovine serum albumin (BSA) and no signals were detected (data not shown). Hence, we conclude that our sensor system can detect VEGF specifically. We observe a Evaluation of blocking conditions. 1 µM aliquots of thiolated aptamers were incubated with gold wire electrodes. Once the aptamers were immobilized, blocking solutions were added. VEGF and GDH-labeled aptamer were released onto the electrodes. Electric current generated by GDH was measured after adding 100 mM of glucose. Figure 5 . Evaluation of the combination of aptamers used in aptamer sandwich: 1 µM aliquots of thiolated aptamers were incubated with gold wire electrodes. Then TBST containing 5% (w/v) skim milk was added. Next, VEGF and GDH-labeled aptamer were released onto the electrodes. Electric current generated by GDH was measured after adding 100 mM of glucose.
Electrochemistry, 80(5), 363366 (2012) linear relationship between the current and the VEGF-A concentration in the range 1560 nM (Fig. 6) . The current saturates at 300 nM VEGF concentration, suggesting that the immobilized aptamers' levels are insufficient to capture larger amounts of VEGF. The lower detection limit of this sensor system is 15 nM as we would expect considering the 5 nM K d value of VEap121. In a previous study, we constructed a VEGF-detection system using a single VEGF-binding aptamer and its lower detection limit was 50 nM. By sandwiching VEGF on the gold electrode, the sensitivity of the sensing system was improved. Further improvement of sensitivity is required for using this system for cancer diagnosis, which could be achieved by improving the binding ability of VEGFbinding aptamer.
Conclusion
We have developed an electrochemical system for VEGF detection by aptamer sandwiching method. Using enzymatic signal amplification and taking advantage of the synergistic effect of two VEGF-binding aptamers, we have achieved specific detection of 15 nM VEGF 165 . The SELEX in vitro selection process makes it relatively easy to obtain two aptamers recognizing different epitopes of a target protein; consequently, the aptamer sandwich technique presented here can be used to detect many other protein types. Figure 6 . Calibration graph for VEGF. A: The entire range of the calibration graph. B: Enlargement for concentrations between 0 and 30 nM. 1 µM aliquots of thiolated VEap121 were incubated with gold wire electrodes; then, TBST containing 5% (w/v) skim milk was added. VEGF and GDH-labeled VEap121 were released onto the electrodes. Electric current generated by GDH was measured after adding 100 mM of glucose. The currents were measured at 25°C, with a potential of 100 mV (vs. Ag/AgCl), in 10 mM MOPS containing 6 mM m-PMS.
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